I. Skinfold thickness, body circumferences and body density were measured in samples of 308 and ninetyfive adult men ranging in age from 18 to 61 years.
Anthropometry is a common field method for measuring body density . BroZek & Keys (1951) were the first to publish regression equations with functions of predicting body density with anthropometric variables. Subsequently, numerous investigators have published equations using various combinations of skinfolds and body circumferences.
The development of generalized equations for predicting body density from anthropometric equations has been found to have certain limitations. First, equations have been shown to be population specific and different equations were needed for samples of men varying in age and body fatness. It was shown that with samples of men differing in age, the slopes of the regression lines were homogeneous, but the intercepts were significantly different (Durnin & Womersley, 1974; Pollock, Hickman, Kendrick, Jackson, Linnerud & Dawson, 1976) . It was further shown that the slopes of the regression lines of young adult men and extremely lean world class distance runners were not parallel (Pollock, Jackson, Ayres, Ward, Linnerud & Gettman, 1976) . The differences of either slopes or intercepts resulted in bias body density estimates. A related problem has been that linear regression models have been used to derive prediction equations, when research has shown that a curvilinear relationship exists between skinfold fat and body density (Allen, Peng, Chen, Huang, Chang & Fang, 1956; Chen, Peng, Chen, Huang, Chang & Fang, 1975; Durnin & Womersley, 1974) . This non-linear relationship may be the reason for the differences in slopes and intercepts.
Durnin & Womersley (1974) logarithmically transformed the sum of skinfolds to create a linear relationship with body density, but still needed different intercepts to account for age differences. The purpose of this investigation was to derive generalized regression equations that would provide unbiased body density estimates for men varying in age and body composition. Efforts were concentrated on the curvilinearity of the relationship and the function of age on body density. 
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METHODS
A total of 403 adult men between 18 and 61 years of age volunteered as subjects. The sample represented a wide range of men who varied considerably in body structure, body composition, and exercise habits. The subjects were tested in one of two laboratories (Wake Forest University, Winston-Salem, North Carolina and Institute for Aerobics Research, Dallas, Texas) over a period of 4 years. The total sample was randomly divided into a validation sample consisting of 308 men and a cross-validation sample of ninety-five subjects. The validation sample was used to derive generalized regression equations and were cross-validated with the second sample. This procedure has been recommended by Lord & Novick (1968) . The physical characteristics of the two samples are presented in Table I .
Upon arrival at the laboratory, the subjects were measured for standing height to the nearest 0.01 m (0.25 in) and for body-weight to the nearest 10 g. Skinfold fat was measured at the chest, axilla, triceps, subscapula, abdomen, supra-iliac, and thigh with a Lange skinfold fat caliper, manufactured by Cambridge Scientific Industries, Cambridge, Maryland, USA.
Recommendations published by the Committee on Nutritional Anthropometry of the Food and Nutrition Board of the National Research Council were followed in obtaining values for skinfold fat (Keys, 1956) . A previous study (Pollock, Hickman et al. 1976) showed that waist and forearm circumference accounted for body density variance beyond skinfold fat, and for this reason, were included jn this study. Waist and forearm circumferences were measured to the nearest I mm with a Lufkin steel tape, manufactured by the Lufkin Rule Company, Apex, North Carolina, USA. The procedures and location of the anthropometric sites measured were shown and described by .
The hydrostatic method was used to determine body density. Underwater weighing was conducted in a fibreglass tank in which a chair was suspended from a Chatillon 15 kg scale.
The hydrostatic weighing procedure was repeated six to ten times until three similar readings to the nearest 20 g were obtained (Katch, 1968) . Water temperature was recorded after each trial. Residual volume was determined by either the nitrogen washout or helium dilution technique. The procedure for determining body density followed the method out- Table I ).
In a factor analysis study, it was shown (Jackson & Pollock, 1976) that skinfolds measured the same factor; therefore, the skinfolds were summed. The sum of several measurements provides a more stable estimate of subcutaneous fat. A second sum consisting of chest, abdomen and thigh skinfolds was also derived. These three skinfolds were selected because of their high intercorrelation with the sum of seven and it was thought that they would provide a more feasible field test. The sum of skinfolds were also logarithmically transformed so that they could be compared with the work of Durnin & Womersley (1974).
Regression analysis (Kerlinger 8t Pedhazur, 1973) was used to derive the generalized equations. Polynomial models were used to test if the relationship between body-density and the sum of skinfolds was curvilinear. ' Step-down' analysis was used to determine if age, and then age in combination with the circumference measurements, accounted for additional body-density variance beyond that attributed to the sum of skinfolds. The crossvalidation procedures recommended by Lord & Novick (1968) were followed to determine if the equations derived on the validation sample accurately predicted the body density of the cross-validation sample. Table I shows that basic results derived from the validation and cross-validation samples including natural log transformations of the sum of skinfolds. The standard deviations and ranges showed that the men differed considerably in both age and body composition. Tables z and 3 show the regression analysis using the sum of seven and sum of three skinhttps:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19780152 folds respectively. The correlation between the sum of three and seven skinfolds was 0.98; thus, the regression analyses for these variables were nearly identical. The full model consisted of either the linear and quadratic or the log transformed sum of skinfolds in combination with age, and body circumferences. The multiple correlations for these full models were nearly identical, ranging from 0.915 to 0.9 18. Regression equations for the full models may be found in Table 4 .
R E S U L T S
Since the full models were significant, the step-down analysis was conducted to determine if each variable accounted for a significant proportion of body-density variance. The first analysis within the full model was to determine if the relationship between skinfold fat and body density was linear or quadratic. This was found to be quadratic which supported the findings of other investigators (Allen et al. 1956; Chen et al. 1975; Durnin & Womersley, 1974) . Durnin & Womersley (1974) used a log transformation to form a linear relationship between skinfold fat and body density. For this reason, only the linear relationship with log transformed skinfolds was used.
Age was the next variable entered into the regression model and it accounted for a significant proportion of body-density variance beyond the log-transformed or quadratic form of skinfolds. Waist and forearm circumference were the last two variables entered into the full model and these measures accounted for a significant proportion of body-density variance beyond age and skinfold fat.
The standardized regression coefficients for the full model are presented in Tables 2 and 3. The magnitude of these weights represented the relative importance of each variable with the effects of the other variables held constant. These statistics showed that the linear and quadratic components accounted for most of the body density variance. The negative weighting of the sum of skinfolds and positive weighting of the squared sum of skinfolds represent the quadratic relationship between body density and the sum of skinfolds. The s, Sum of skinfolds; C, circumference; X,, sum of chest, axilla, triceps, subscapula, abdomen, suprailium and front thigh skinfolds; X,, sum of chest, abdomen and thigh skinfolds; X3, age; X4, waist circumference; X,, forearm circumference.
* For details, see Table I . 2 Age (years) categories ; < 19.9, ZOe--299, 39'0-39'9, 40'0-49'9,) 50'0.
3 Fat (%) categories: <9.9, 10.0-14.9, 15c-19.9, 20.0-249,) 25.0.
b) body density.
positive weighting for waist and negative weighting for forearm is consistent with the results reported by Katch & McArdle (1973) . Table 4 lists selected raw score equations and the equation's multiple correlation and standard error. The high multiple correlations are due partially to the heterogeneous sample studied. However, the standard errors are low and well within the values reported by other A. s. JACKSON AND M. L. POLLOCK The 'raw score' equations were applied to the anthropometric results of the crossvalidation sample. The cross-validation analysis is presented in Table 5 . The product moment correlation between laboratory determined and estimated body density were all higher than 0.90, and the standard errors were within the range found with t t e validation sample results.
The cross-validation sample was then reduced first, to five age categories, and next, to levels of body fat content by five fat (%) categories. The ranges of standard errors for these different categories are also presented in Table 5 . With the exception of the log equations, none of the standard errors exceeded O.OIOO g/ml. Since these standard error estimates were based on sample sizes that varied from ten to thirty-three cases, more variability was expected. These analyses showed that the regression equations accurately predicted body density for samples differing in age and fatness.
D I S C U S S I O N
The findings of several studies (Durnin & Womersley, 1974; Pollock, Hickman ct d.
1976)
showed that regression equations were population specific. The application of regression equations derived on one sample, but applied to other samples that differed in age and fatness, produced biassed body density estimates. The findings of this study showed that some of this bias may be attributed to the use of linear regression models because the relationship between skinfold fat and body density was quadratic. This is shown by the 'scattergram' between the sum of seven skinfolds and body density which is presented as Fig. I . Both linear and quadratic regression lines are provided. The differences between the two regression lines showed where the largest bias prediction errors would occur. This was at the ends of the bivariate distribution. For example, the fat (yo) differences between the linear and quadratic sum of seven skinfold equations for 250 and 40 mm of skinfold fat were 2.9 and 1.3 fat (yo) respectively, while the difference was only 0.5 fat (yo) for 150 mm.
In a previous study , it was found that the slopes of the regression lines of lean world-class distance runners and young adult men were not parallel.
The prediction of the body-density of the lean runner with linear equations derived on a sample of young adult men systematically underestimated the body density of these lean subjects. This source of systematic error is documented by the differences between the linear and quadratic regression lines shown in Fig. I and confirms the need for quadratic equations.
Jt has been shown that the intercepts of the regression lines of young adult men and older (+ 35 years) and fatter men were different (Pollock, Hickman et al. 1976 ). Since the relationship between body-density and skinfold fat was quadratic, the differences in intercepts could be partly due to the use of linear regression equations. The results reported by Durnin & Womersley (1974) showed, however, that age was also responsible for the intercept differences. Durnin & Womersley (1974) used a logarithmic transformation of the sum of four skinfolds. This transformation changed the quadratic relationship between body density and the sum of skinfolds, in the 'raw score' form, into a linear relationship. With male subjects who ranged from 16 to 59 years of age, they reported that the slopes for samples divided by 10 year intervals were parallel, but had different intercepts. This would result in biassed estimates due to age differences, thus Durnin & Womersley (1974) provided five different equations which had the same slope, but different intercepts. The finding of this study, that age accounted for a significant proportion of body-density variation beyond that attributed to quadratic or logarithmic sum of skinfolds agreed with the findings reported by Durnin & Womersley (1974). They suggested that this agerelationship may be due to a higher proportion of total body fat being situated internally and a decrease in the density of fat-free mass. The decrease in fat-free mass was primarily attributed to skeletal changes (Durnin & Womersley, 1974) . In the present study, the use of age as an independent variable accounted for intercept difference, and eliminated the need for several different age-adjusted equations. The cross-validation results documented the accuracy of a generalized equation for samples differing in age and fatness. The standard errors found in these analyses are within the range reported by Durnin & Womersley (1974) . Using 209 men who varied in age from 16 to 72, Durnin & Womersley (1974) reported standard errors that ranged from 0.0059 to 0.0 I 17 g/ml for prediction equations derived for similar age groups.
The multiple correlations for the generalized equations derived with the logarithmic or quadratic sum of skinfolds were nearly identical. The results of the cross-validation analysis suggested that the quadratic equations were more accurate. The standard errors tended to be lower for the total sample and less variable for the total sample and for the different age and fat ( O h ) categories. This was expecially true for the sum of three skinfolds.
The generalized equations provided valid and accurate body-density estimates with adult men varying in age and fatness. The cross-validation of equations is important because one is not certain that equations developed with one sample will predict body density with the same accuracy when applied to the data of a different sample. The best evidence is provided by the standard error when the equation is cross-validated on the second sample. The standard errors for the cross-validation analysis were low and nearly identical to the standard errors found with the validation sample. This provided the strongest evidence that the generalized equations were accurate and valid for use with adult men varying in age and body density.
